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ABSTRACT

The neutrino luminosity due to the photoneutrino process is computed in the presence of a
superstrong magnetoactive electron plasma appropriate for neutron stars. The results indicate
that for relatively low temperatures 108 K < T < 5 x 10® K the energy loss rate is significantly
reduced both in the low-density regime p < 107 g cm~2 (by the magnetic field) and in the high-
density regime p 2 107 g cm~2 (by plasmon excitations). These effects are temperature dependent
and they are less pronounced when 5 x 108K < T < 10° K.

Subject headings: dense matter — hydromagnetics — neutrinos — nuclear reactions —
plasmas — stars: neutron

I. INTRODUCTION

In recent years, there has been considerable interest in the effects brought about by intense magnetic fields of
the order of 10'2-10'® gauss in astrophysical processes (Canuto et al. 1970; Canuto, Chiuderi, and Chou 1970;
Canuto and Chou 1971; Chou 1971; Canuto and Fassio-Canuto 1973a, b; Canuto and Chou 1973; Canuto et al.
1974). The discovery of pulsars has greatly accelerated this trend. It is now generally believed that collapsed
stellar objects such as dwarf stars and neutron stars are very likely to possess strong magnetic fields of the order
of 10%-10'2 gauss. The significance of such superstrong fields is apparent in the models for pulsars proposed by
most authors (Gold 1969; Gunn and Ostriker 1969; Chiu and Canuto 1971).

The origin of ultrastrong magnetic fields in astrophysics is usually attributed to flux conservation during gravita-
tional collapse of magnetic stars (Woltjer 1964). Alternatively, intense magnetic fields may be maintained in the
interiors of neutron stars either by Landau orbital ferromagnetism of the degenerate electrons (Lee et al. 1969)
or by neutron ferromagnetism (Brownell and Callaway 1969; Silverstein 1969; Ostgaard 1970). Magnetic fields
of the order of 10'2 gauss could be maintained in the interiors of neutron stars if Landau orbital ferromagnetism
of the electrons operates, whereas interior fields of the order of 10'® gauss or greater may be generated if there is
neutron ferromagnetism.

The effects of superstrong magnetic fields on atomic processes have been emphasized by Ruderman (1971) and
Spruch, Mueller, and Rau (1971). Weak interactions in strong magnetic fields have been studied by several authors.
The relevant neutrino reactions in strong magnetic fields that have already been investigated are summarized by
Canuto et al. (1974). The effects of a strong magnetic field on the photoneutrino process were considered by
Canuto and Fassio-Canuto (1973b). In particular they studied the special case in which a photon propagates
along the magnetic field.

In this paper, we consider the photoneutrino reaction in a strongly magnetized plasma. The presence of an
anisotropic magnetized plasma gives rise to interesting new features. We note that even in the absence of a strong
magnetic field the inclusion of plasma effects in the photoneutrino reaction is qualitatively very different from that
in which the plasma effects are neglected (Beaudet, Petrosian, and Salpeter 1967). Propagation of electromagnetic
waves in a magnetoactive plasma is very sensitive to the direction of propagation relative to the external magnetic
field. For instance, propagation along the magnetic field gives rise to circularly polarized transverse waves whereas
propagation across the magnetic field results in linearly polarized mixed types of waves which are partially trans-
verse and partially longitudinal. It is clear that the photoneutrino energy loss rates are qualitatively very different
for incoming photons propagating parallel or perpendicular to the external magnetic field.

In § IT of this paper we formulate the description of photoneutrino emission in a superstrong magnetoactive
degenerate electron plasma in the language of quantum field theory, and consider in detail, at temperatures,
densities, and magnetic field strengths expected for neutron stars, the photoneutrino luminosity due to the various
modes of plasma excitations at an arbitrary angle relative to the static homogeneous magnetic field. In § III we
specialize our general results for the neutrino luminosity to the important special cases in which the incident
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plasma waves are propagated along and across the external magnetic field. Finally, in § IV we discuss the possible
application of our results to the cooling of pulsars and elaborate in detail their consequences and modifications
introduced by the presence of the magnetized electron plasma.

II. PHOTONEUTRINO LUMINOSITY IN A SUPERSTRONG MAGNETOACTIVE PLASMA

The conserved vector current hypothesis for the V' — A4 theory of weak interactions proposed by Feynman and
Gell-Mann (1958) predicts among other things the possible existence of the direct electron-neutrino pair inter-
actions. Among the possibilities opened up by the proposal of the direct (ev) (ev) pair interaction is a process that
has had primary importance for the thermal history of dense stellar objects like neutron stars; such a process is
derived as a modification of the ordinary Compton scattering if, at the second vertex, the scattered photon is
replaced by a neutrino-antineutrino pair. The effects introduced by the presence of a superstrong magnetic field
for the photoneutrino process has been considered by Canuto and Fassio-Canuto (1973b), who neglected the
effects of the presence of the background plasma.

In this paper we shall reformulate the neutrino-antineutrino pair energy loss rates in such a way that the effects
arising from the presence of the superstrong magnetoactive plasma are explicitly taken into account.

We now compute a general expression for the photoneutrino luminosity as a function of temperature, density,
and magnetic field strength for incoming plasmons propagated at an arbitrary angle relative to the external mag-
netic field. We choose Cartesian coordinates such that the static, homogeneous magnetic field is oriented along
the z-axis whereas the propagation vector k, for the incident plasmon is confined to the x-z plane, namely, k, =
(k,sin 6, 0, k, cos 6), where 8 is the angle between the propagation vector k, and the external magnetic field.

Consider the process, for instance, in the interiors of dense stellar objects such as neutron stars in which an
electron in the initial Landau state [i> = |n, s, p.> absorbs an incoming transverse plasmon described by the
electromagnetic potential 4, at the spacetime vertex X, and makes a transition to the final state | f> = |n’,s", p.">
by emitting a neutrino-antineutrino pair at the second spacetime vertex Y. This process is diagrammatically rep-
resented in Figures la and 1b, where the double lines are the Landau states for the electrons, the wiggly line
represents the plasmon excitations, and the dashed lines denote the neutrino pairs.

The Lagrangian describing the system is then given by

L(x) = Ly(x) + L(x),  Lalx) = 2721 () Th (T3] ,
"'Z'(x) == ie‘Ze(x)')’AAA(x)‘/‘e(x) > (1)
L=yl +y), $=4¢%%,

where the y-matrices are taken in the standard Dirac-Pauli representation.
The part of the S-matrix describing the process in Figure 15 is

where

s = (1972 [ @t [ TG BON), @

where T is the time-ordering operator. The S-matrix element corresponding to the direct diagram shown in Figure
la is then given by

So = gagay | 4% [ AVEROITAIBITLCE YIACHE) ()

whereas that for the exchange diagram in Figure 15 is described by

St = gy | 4% [ AYBOITAONFAIAEIG: D) (3b)

where G(x, y) is the propagator from the spacetime point x to the spacetime point y.

To proceed further, we shall at this point make the simplifying assumption of treating the electrons in the
nonrelativistic approximation. This is due partly to the fact that the Green function for the relativistic electrons
in an external magnetic field is rather complicated to use. Second, the normalization factor (to be described
shortly) of the electromagnetic potential A, for the plasmon excitations in a magnetized electron gas depends on
the dielectric tensor and the dispersion relations. Moreover, from the point of view of full-fledged many-body
theory, relativistic quantum-mechanical dispersion relations for a magnetoactive plasma do not exist as yet.

In order to clearly define the region of validity of the present computation, let us note that for a particle in a
magnetic field, the sum over the quantum number 7 (see eq. following [28]) can be replaced by an integration over
n when the average value of x2 is much greater than 26, § = H/H,. This means that the criteria for a gas to be
treated as magnetized are

p.iim2c® < 2H[H,
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FiG. 1.—Feynman diagrams for the photopeutripo processes in a superstrong magnetoactive electron plasma. The double lines
are the Landau states for the electrons, the wiggly line represents the plasmon excitations, and the dashed lines denote the neutrino
pairs.

or
kT|mc®> < 2H[H, (nonrelativistic) , (4a)
(kT/mc®)? < 2H[H, (relativistic). (4b)
Since for a degenerate gas, we have
3p.2 ~ 2mep (nonrelativistic), {40
3Ip.c ~ e (relativistic) , (4d)
the following criteria follow for magnetic effects to be relevant:
%r_;% < 2H[H, (nonrelativistic) ,
==\ < 2m/H, (relativistic) )
3 \me2) ~ N ?

or
(pe/w)*”® < 2H[H,. (6)

Clearly (6) includes both the relativistic and the nonrelativistic cases.

The Green function for an electron in a strong magnetic field may be written as (Canuto and Fassio-Canuto
1973b)

6(x,3) = 5 [ dwexplintt, — 1)) 3, Dy, ™

where i, represents the Landau wave-function for the electron in the intermediate state and the subscript 7 denotes
all the quantum numbers to specify the electron state in the presence of an external magnetic field. More specifi-
cally, |I> = |n", s", p,">, where n", s, p,” denote the orbital quantum number, the spin projection, and momentum
along the magnetic field, respectively.

Substituting equation (7) into equations (3a) and (3b) and performing the indicated integrations, we obtain

2regN, 1
Sp = T G O + E, ~ E; ~ E, ~ E;)
{Slysluexp [i(p + q)-yHNI<Lysyyey exp (iy-2)|i)
x 2. e T()T.UNa) , @®
2megN, V2
Sp = -—%{—iﬁS(E,+E,—E,—EV—E;)

x Z Slysyres exp (ikyf-: Ix)_ll >E<f1lzf4£: ixxzn[i(p *+ DY g pyr,Ug) ©®
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where p and ¢ denote the momenta for the neutrino-antineutrino pair and E,, E; are the energy eigenvalues for the
electrons in an external magnetic field corresponding to the initial and the final states, respectively.

The electromagnetic potential A, for the transverse plasmons may be written in the form (Canuto, Chiuderi,
and Chou 1970)

, 2nx(hc)? 2Tr N
- N 1/2 = = Y, =
A, (x) = N,*2¢, exp (ik,x), N, = EQ, 18] = E3[A]JoE, E, = to,, (10)
where A;; is the cofactor of the Maxwell operator A,; defined by
c2K?
Ay = o2 (KiK; — 8) + ey, K=hjlk,)|, an

and e, is the dielectric tensor for the plasma. We note that the plasma parameters are contained in the factor {;;
which becomes unity in the vacuum limit. In the absence of an external magnetic field it can also be shown that
equation (10) reduces to the well known expressions given by Adams, Ruderman, and Woo (1963).

Let us now consider the nonrelativistic limit of the product ¢*(x)ysy»e (). A simple calculation shows that

>3 12)

This is because the quantity y,y»e, goes into the velocity operator II/mc in the nonrelativistic limit. In the presence
of an external magnetic field the velocity operator Il is given by p — (e/c)Aexs, Where Aoy, = 3H X r.

As usual, the wave functions for the neutrino-antineutrino pair are taken to be plane waves; for instance, the
neutrino emitted at the space time point y in Figure la is represented by

$(y) = Q12U (q), (13)

where U,(q) is the neutrino spinor with four-momentum q. By considerations similar to those described above
for the velocity operator II it can easily be shown that the nonrelativistic limit of the product y,I',(U,T,U,) for
the direct diagram yields

(br*yaluexp [i(p + @)-yAW)ULU,) = (*Loexp [ip + @)-y/AlXT,T.U,),
La = (Lks L4) s Lk = io'k s L4 =1 (k = 1’ 27 3) s (14)

where o, are the Pauli spin matrices.

Inserting both equation (12) and equation (14) into equations (8) and (9) and adding the resulting expressions,
we obtain for the total S-matrix element

Sft = SOAa[Uv(p)FaUv(q)]S(El +E, — E - E, — Eﬂ) s

A=Y {<f Lo exp [i(p + @)-y/A]|1><T|(mc)~* M- exp (ik,-x)|i)
o T Ei - Ef + Ey + i7]

4 Slme)" "M -e exp (ik,- )| I)<I| L, exp [i(p + q)-y/h]li>} ,
EI - Ef + Ey + i77

, , 1 ,
\ysyaex exp (ik,-x)|i> = <I oy II.e exp (ik,-x)

2me
So = sy N2, 5)

where N, is the normalization factor for the electromagnetic potential A, defined in equation (10).
The square of the absolute value of the S-matrix element S, is given by

2 —
ISul? = ST 5(E, + B, ~ E; ~ E, — E)AMAATOTUONT.T, U7, (16)

where we have used the relation
SE) = (2rh)'TH(E) .

After summing on the neutrino spin indices and making use of the projection operators, we obtain

2 A~
ISul? = S28(E, + E, — E; — E, — E)AuAs* o puga Tr {TayaBsva} a7
4E,,Eq

r « = vallys.
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978 CHOU, FASSIO-CANUTO, AND CANUTO Vol. 272

We note that equation (17) still depends on p and g, the neutrino and antineutrino four-momenta. The sum over
the neutrino pair momenta is performed by first multiplying by the identity

[eoro+a-0-1. o-{p+el@+5-5)}
then introducing
S5 o [ % [
L " (2mh)® ’
and finally using the Lenard relation
3 85 Pu P g4 ~O=T10% —_02
[ @ [ a5k T80 + 0= 0) = 7310, + 20:010090(— 0.3). a8
The final result is

Sl = 3o s [ POAAN (05, — 0.00UQIN-0H (19

where P is the probability for transition per unit time per unit volume.
Summing over the final electron spin states and performing an average over the initial electron spin states,
we obtain

P=

SALP[LP S S (7 ¢ AR
L= L{m] [21—7%:‘ nZO SZI nZO SZI j— @© dpz fo dpx f-— © dpz J‘0 dprHS[l B f"’sl]
% [ AN B + By = Evil#(@) [ PQAMN =1 0(0%0 — 0.0,10Q0(~ 07,
L= g sty £= 1y, (20)

We now calculate the matrix elements contained in the sum A, over the intermediate states. Consider first the
matrix element for the neutrino pair emission at the spacetime point y in Figure la:

M," = {f|exp (GQ-y/WLd|I>, @n

where @ denotes the neutrino-pair momenta (p + ¢). The subscript « is the Lorentz index referred to the electrons,
and the superscript v represents the neutrinos. The electron wave function takes the form

$(x) = (LoL.)~ "% exp [i(ksx; + kaX3)] exp (—£2/2)U,(8) ,
£ = X012 + k0", {=0Ar7%,  A=#/mc,
p=Hk, (i=1,273). (22)
Inserting equation (22) into equation (21) and performing the necessary integrations, we obtain

Mav = [(_szzh)llz-]28(p1” _ Pl' + Ql)S(P:;” _ Pal + Q3)<S,ILalS”><nll exp (inYz)[n”> ,

ol exp (@l = [ dvaexp (Qaya exp [—(E + EDAVAEUAE,

§ =yt 4 p)/{7 2 =&+ Q7,7 =y 012 4 p "R 23)
Let us now compute the matrix element for the absorption of the transverse plasmon at the vertix x, namely
M? = {|(mc) M-e exp (ik,-x)|i>, 24

where II is the velocity operator for the electrons, e is the polarization vector for the transverse plasmons, and the
index y represents all quantities referred to the plasmons.

© American Astronomical Society « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1979ApJ...227..974C&amp;db_key=AST

J. T D277, _974TH

A%

I'I_

No. 3, 1979 PHOTONEUTRINO REACTIONS 979

Substituting equation (22) into equation (24) and integrating over the spatial coordinates, we obtain

—-———————21’% 2 ”n . ”
M= l(LxLz)llz] 8(py — pi" + fik, sin 0)3(ps — ps" + fik, cos )3y,
x {(30)2[(n + 1)*2e_8,n n11 + 1'%, 8,0 5 1] + (n"|x|nDes}, (25)

where x = py/mc is the dimensionless momentum component for the electrons along the magnetic field.
To evaluate the contribution to A, we first replace the sum over the intermediate states I by

LZ ® ” Lx " <
Zéiﬂ_ﬁf-wdps ﬁfdpl nZOZ

[where the upper limit of the second integral is (eH/c)L,], and then use the momentum delta functions to integrate
over the intermediate continuum states along the magnetic field, and finally perform a discrete sum over the har-
monic oscillator states. After summing on the intermediate spin states, the final result for A, arising from the
contribution due to the direct diagram can be written as

(2rhy?
D _
A = L.L,

x {(%@)1/2[ ('] exp (iQayo)ln + Do + D% ('] exp (iQaya)ln = Drife, ]
Eﬂ+13/(p3' —_ Qa) - Ens(ps) — Ey + 1'1) En— 13”(173’ — Qa) — Ens(ps) — Ey T l',,}

o <n,| exp (inJ’2)ln>xes } ’ ”
BTGy - 00 - Epo) - B ¥ i) 1l 9

where E, = fiw/mc? is the plasmon energy, and the energy of the electrons is given by

8(p, — p)’ + Q) + #k,sin 0)8(p; — ps’ + Qs + fik, cos 6)S,,

E (ps) = (n + 3 + 35)mc?O + p22m = mc%e(n, s, x) ,
G(n, s, x) = (n + % + -&S)@ + %x2 > X = p3/mc .

The contribution to A, arising from the exchange diagram is calculated in exactly the same fashion, and the
total matrix element A, for the process is then

@mh)?
L.L,

M, = Ls,s")#(n,ps;n',ps’; 03, 0,0, w),
M= My + Mg,

A, =

8(pr — pi' + Q1 + fik, sin 0)(ps — ps’ + Qs + fik, cos M, ,

' _ 1/2 4 12
sy = oyl A = e R DO e
+ | R|n)xe, } ,
Enii(ps’ — Qs) — Ex(ps) — E, + in
! ! e, n — 1|Rind>n' %e_
My = (%@)llz{En'Hép,; _*-*_- g:;lﬁxgn(:s'l)) +eE, + in + E,"—1(Ps<+ QOs) I_ lEn>(Pa’) + E, + in
. ol |RImyxey b
E.(ps + Qs) — E(ps) + E, + in

X = pglme, x' = ps'Imc, E, = fiw/mc?,
Ly(s,5") = (s'|Lg|s>, R = exp(iQsys). @7
The spin dependence of the matrix element A, is represented by the factor L,(s, s} whereas the matrix element

# is now independent of the electron spins. . .
The integration over the plasmon momenta d°k, is performed by multiplying equation (20) by the identity

deS[w —awfk)] =1
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980 CHOU, FASSIO-CANUTO, AND CANUTO Vol. 227
to take into account the dispersion of w through the relation
k2 = o’n?,

where ny(k,, ») is the plasmon index of refraction for the mode of excitation /. The particular form of n(k,, )
depends on the plasma model, which we shall not specify at this stage in order to make our formulation for the
energy loss rate as general as possible within the framework of the nonrelativistic approximation. Inserting the
general expression for N, from equation (10) into equation (20) and making use of the relation

8o — wik)] __ S -
18] Ay /0w |0]| Ayl [om?] llagyli=0

we obtain .
rLle S 55 S (7 g, (7 aps [(don [ d
[ [ [
@Ry nzo nZo SZ; s; . D3 . D3 s D1 A Ip1 fas(P3)

X [1 - fnrsr(pa')] f koy J wdwnl(w)f(w)\ 6_[1-%,;2

1A, ll=0

X [Ens(pa) + fiw — Ene(ps)] f d*Q(—1)**%4[ Q80 — QuQs)Lals, s)L5*(5,'5")

X .ll.ﬂ*b‘[pl —-pd + 0O + ’—zwn;(w) sin G]S[pa —ps + Qs + ?wn,(w) éos O]G(QO)O(—Qz) .
(28)

We can now integrate over all the particle momenta. Successive integrations over the electron momenta dp,’
and dp, immediately yield unity and (eH/c)L,, respectively. We then use the delta function 8[P; — ps + Qs+
(Aw/c)n(w) cos 8] to integrate over the neutrino-pair momenta dQ; along the magnetic field.

Finally we integrate over the neutrino-pair momenta dQ,dQ, perpendicular to the magnetic field by using the
two step functions 8(Q,)0(— 02). The integrations are elementary and can be performed most easily by introducing
plane polar coordinates. After summing on the initial and the final electron spin states over the Fermi and Gamow-
Teller transition, the final result for the differential neutrino luminosity per unit solid angle may be cast in the form

3 © © @ © , © Y ” Tr AU
LO=10 3 > f_wdx f_wdx fo adon(@F (@) s |
x j dplA(n, ') — pB(n, W)IIAI2 , (292)

A(n, 1) = Q%n, n)e(n, )[e¥(n, ) + Q2Hfu ([ — fu(X)] + fosa@L — for 11 ()}

+ 2004 + L,m)en + 1, )i — f(N] + Q¥ 1’ + De(n, 0’ + DAL — frrselXIB
B(n,n') = Qn + 1L,n)e(n + 1, 0)fo s = £ ()] + Q4,1 + De(, 7’ + D1 — fir +21(x)],
(n,n)=3x>*-—xH+ (m—-n)0 4+ o,

Q*n,n) = Em,n) — @s*, Qs =x — X' + wnfw)cos b,

fulx) = {1 + exp [E"()?——;_—E]}_l » @ =kT[mc?,

2
G,‘(X) = % + no, X = p3/mc s X = Pallmc s

My = MP + MHE,
MP = (30)2 (n + D2’ |Rin + 1)[e)! — ies'] + nt2(n’| Rjn — eyt + iegl]
U= 0 — w + xoun(w) + 3o?PnHw) +in -0 — o + xopn(w) + yotEinw) + in
<n'|R|n>xe3’
o + xopm(@) + o%pni(w) + in’

© American Astronomical Society « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1979ApJ...227..974C&amp;db_key=AST

J. T D277, _974TH

A%

rt

No. 3, 1979 PHOTONEUTRINO REACTIONS 981
ME = (30)12 ' + DVn' + 1|R|n)le,! + iesl] + n'2n" — 1|R|nd[e)! — ies']
! 0 + o — Xopnfw) + 30%uiniw) + inp o — 0 — Xopn(w) + to?uini(w) + i

' |Rlnpx'eg!
o — X opm(w) + 20?2 (w) + i’

R = exp [iQoy5], p=cosd, (29b)

where the index / represents the plasmon mode of excitation.

III. THE COLLISIONLESS COLD PLASMA MODEL

The excitation frequency e, (k,) for a strongly magnetized electron plasma has been investigated by several
authors (Klimontovich and Silin 1961 ; Canuto and Chou 1973) and has been discussed by Canuto, Chiuderi, and
Chou (1970) in connection with the plasmon neutrino process. To apply our general result for the photoneutrino
luminosity to transverse plasmons, we make few approximations to obtain explicit functional forms for the ex-
citation frequencies. We neglect both spatial dispersion due to electron pressure for an electron gas of arbitrary
degeneracy and the effects of spin and collisions on the dielectric tensor. The effect of spatial dispersion has been
shown by Adams, Ruderman, and Wu (1963) to be unimportant in the high-density regime such as the interiors
of neutron stars and dwarf stars whereas the spin effects on the dielectric tensor are negligible (Burt and Wahlquist
1962). In a superstrong magnetoactive electron plasma, the cyclotron frequency is so high that particle correlations
are due to magnetic fields rather than collisions; hence the effect of collisions on the dielectric tensor can also be
neglected. Furthermore, we consider only purely transverse and purely longitudinal modes. In this paper we shall
concentrate on the transverse modes whose effects on the photoneutrino luminosity are more significant.

In view of the approximations delineated above we shall therefore proceed to compute the neutrino-pair energy
loss rate with the cold, collisionless plasma model. In the notation of Stix (1962), the dielectric tensor can be
written

S —iD 0
G{j—_-' iD S 0 ’ (30)
0 0 P
w,? eH
S=3R+ 1), D=%R-1), P=l—-a-)-p2—, wy = =
2 2 2
= _w—p, = _._wp__._, 2=4'”Ne
R=1 olw — wy) L w(w + wy) “r m

where N is the electron number density and w, is the plasma frequency. The index of refraction satisfies the bi-
quadratic equation
Ant — B2 + C =0,

A= Ssin®6 + Pcos? 8, B = RLsin? 6 + SP(1 + cos? ), C = PRL. 3D

The solutions are given by
= B+ F
T 24
Equation (31) can be cast in a more transparent form (Astron 1950; Allis, Buchsbaum, and Bers 1963)

P(n? — R(n?2 — L)

(Sn? = RD)(i® = P)’
which shows that for propagation along the magnetic field (8 = 0) we have either n,%2 = R for the ordinary mode
O or n,2 = L for the extraordinary mode X. Similarly for propagation across the magnetic field (8 = =/2) we

have the ordinary mode ny,% = P and the extraordinary mode nz* = RL/S. The latter, being a linearly polarized
mixed mode, is partially transverse and partially longitudinal. It can be easily shown that Tr(},)) is given by

Tr(\) =n*— (P + A + 2S)n® + RL + 2PS.

s F? = B2 — 44C.

tan2 § = —

(32)

The general form of the polarization vector e has been considered by Melrose (1968), whose result is

[e*Aye; Tr (A]H2

€y
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The index / specifying the various modes of excitation is implicitly contained in A;; through the index of refraction
n;. The constant parameters ¢, are a set of complex numbers with the constraint that one of them should not
vanish. Let us choose

¢c=1(0,i,0).

We then obtain after some straightforward computation

_12/D(P — n?sin® §) . — Dn?sin 6 cos § PD cos §
= : e s —_ - .
€ = (1 + G ) { SP — Anlz s L SP — An,2 G, Sp An,2 (33)
It follows that
. Tr(hy) _ | =@+ A4+250" + (RL + 2SP)I ’ G4
oA, /on® ayli=0 +F

since
24An? — B = +F

Inserting equations (33) and (34) into equation (29a), we then obtain the differential luminosity per unit solid
angle for incoming plasmons making an angle 6 relative to the external magnetic field. The resulting expressions
are quite involved because of the complicated angular dependence of the polarization vector and the normalization
factor N,. To bring out the physical significance more clearly, it is fruitful to study the important special cases of
parallel and perpendicular propagation. In what follows we shall consider these two cases in detail.

a) Propagation Parallel to the Magnetic Field
For propagation parellel to the magnetic field (6 = 0) the polarization vector becomes

eo =2"1%(1,4,0), ex=2"'%(1, —i,0), (35)

where the subscripts O and X denote the ordinary and the extraordinary modes, respectively. These are the well
known circularly polarized transverse waves. The ordinary mode is right-hand circularly polarized whereas the

extraordinary mode is left-hand circularly polarized. It can be shown for both of these waves the normalization
factor

' Tr(Ay)
ol Ayl /on®

Ayl =0
simply reduces to unity. The maxtrix element for the ordinary mode is then

v o[ @ DBGIRn D wior - IR ,
° wy — @ + Xxonp + 30%no% + i 0 — oy — Xone + 30?n,® + iy

2
Wy

Qs =x — X + wny(w), nXw)y=1—- —2——
o(w — wy)

e °=0, e .0 =42, (36)
since

el =el + ie)
On the other hand, the matrix element for the extraordinary mode becomes

e 1Ry wr|RIn— 1) ,
o ® + oy — Xong + 3% + i @ + oy — xong ~ 30’ng® — in

wpz
w(w + wg) ’
e X =4/2, e X=0. (37

Qs =x — X + ong(w), nx¥w)=1-

b) Propagation Perpendicular to the Magnetic Field
For propagation across the magnetic field, the propagation vector becomes

€o = (0’ 0’ l) s ex = QO, ls 0) - (38)
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The normalization factor for both of these modes again reduces to unity. The matrix element for the ordinary
mode is given by

T — il x' X s — S o o 7
J//X(Z) Kn [RIn}{w e + g i’l} O;:=x—x', e, =0, e i. 39

Similarly for the extraordinary mode we have

T _ oy @ + DYXA" + 1R|ny  nn' — 1[R|n)
ﬂx(2) i(0) { o + wy + in w— oy + iy

_m%n|Rln = 1) (1 + D'H|Rln + 1>},

W+ wy — Iy w — wy — I’
Qs =x—x', (40

where we have made use of the relations
e, X=+i, e;X =0,

We note that although both .#, and .#y do not depend on the index of refraction, the energy loss rates are still
affected by the presence of the plasma through the factor wn(w)#(w) in the thermal average.

Due to the complexities of the resulting expression for the neutrino luminosity even for these special cases
delineated above, it seems that analytic solutions are exceedingly difficult if not entirely impossible. In the next
section of this paper we shall therefore present our solutions in numerical form and elaborate in detail their possible
applications to neutron star matter and stellar interiors.

IV. RESULTS AND APPLICATIONS

In a magnetoactive electron plasma the neutrino luminosity is modified by both the plasma and the magnetic
field. In the presence of plasma excitations the neutrino-pair energy loss rate is reduced whereas the presence of a
strong magnetic field imposes the restriction that the interaction of the plasmons with the electrons can lead pre-
dominately only to a recoil of the electrons along the magnetic field.

More specifically, for propagation along the magnetic field, the electric vector of the circularly polarized transverse
plasma waves rotates in the plane perpendicular to the magnetic field, and it therefore will act on the velocity
components of the Landau orbital electrons which, being quantized, present great resistance to any external force.

On the other hand, for propagation across the magnetic field, the electric vector of the linearly polarized trans-
verse waves can be oriented either in the direction of the field (for the ordinary mode) or perpendicular to the
field (for the extraordinary mode). Thus, the extraordinary mode is similarly affected by the magnetic field whereas
the ordinary mode is unchanged.

Now the energy carried away by the neutrino pair is supplied by the electrons. In the presence of plasma ex-
citations the energy available for the neutrino-pair is diminished and the resulting neutrino rate is greatly reduced
at high densities since the plasmon quantum is proportional to the square root of the density. It is then expected
that in the presence of a magnetized electron plasma the photoneutrino luminosity is significantly reduced.

The reduction of the neutrino luminosity at low densities, where the plasma frequency is small, is due mainly
to the magnetic field whereas at high densities the reduction is dominated by the plasmons. Morever, the reduction
of the photoneutrino rate is clearly anisotropic and the effect is more pronounced for the circularly polarized trans-
verse plasma waves traveling along the external magnetic field. In what follows we shall therefore focus our atten-
tion on these important special modes of excitation.

To appreciate the interesting features of these waves in greater detail, we shall present some numerical results
for the extraordinary mode for propagation along the magnetic field.

The index of refraction for this mode is given by the third of equations (37). The numerical integration is per-
formed by imposing the condition that the index of refraction must be real. This requirement sets a lower limit
and the pole at w = 0 is automatically avoided. We assume that the electron gas is completely degenerate and
hereby replace the Fermi functions by step functions. It seems that this procedure is reasonable in view of the fact
that we have used a collisionless cold plasma model. The temperature dependence is then essentially dictated by
the Bose distribution of the plasmons. For application to neutron star matter, the approximations introduced
above are somewhat justified.

Examples of the results can be found in Figures 2, 3, and 4 and Tables 1 and 2 which give the differential lumi-
nosity L(8 = 0) per unit solid angle per unit volume as a function of density pe/u. at temperatures Ty = 2.5, 3.85,
and 10, respectively. For purpose of comparison we have alsoincluded the results of Beaudet, Petrosian, and Salpeter
(1967) for an isotropic plasma without magnetic field together with the results of Canuto et al. (1974) who considered
the effect of the magnetic field but neglected the presence of the plasma.
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T
T=25x10%°k

L{erg/cm3sec)

Py /1 (gmam3)

FiG. 2.—Neutrino luminosity (ergs cm~2 s~ as a function of density ps/u. (g cm~3) for plasma waves propagating along the
external magnetic field (in the extraordinary mode X) at temperature T = 2.5 X 108 K and H = H, = 4.41 x 10'2 gauss. The
curve marked H = H, is due to Canuto ef al. (1974), who neglected plasma effects. The curve marked H = 0 is due to Beaudet
et al. (1967) who included the effects of an isotropic plasma without magnetic field.

TABLE 1

NEUTRINO LUMINOSITY AS A FUNCTION OF DENSITY ps/pte
(Ts = 3.85, H = Hq)

Pelpe L,(H)* L(H)t L0}
144........ 8.7 x 108 2.55 x 107 4.81 x 10°
276........ 9.6 x 108 4,08 x 107 4.09 x 10°
466........ 1.17 x 107 8.6 x 107 3.08 x 10°
129......... 413 x 107 3.36 x 108 1.15 x 10°
236......... 6.05 x 107 7.3 x 108 4,7 x 108
365......... 4.51 x 107 4.38 x 108 2.09 x 108
46.7......... 3.24 x 107 3.3 x 108 1.22 x 108

* [, (H): with plasma and magnetic field (present work), for the
extraordinary mode X propagating along the magnetic field.

1 L(H): with magnetic field, no plasma (Canuto et al. 1974).
1 L,(0): with plasma, no magnetic field (Beaudet er al. 1967).

Y T T T — i
T=3.85x108% °K
10°
4
10 T T T T T
P T=10%%K
" H=0
§ 108 ~ A
~ 13
<4 § 10 -
$ :
with Plasma, H=Hg S,
107 s .
-4 10 With Plasma .
H=Hq T N
™
IOG 1 1 1 1 1 L
I 10 20 30 a0 50 ! 1 ! ! ! |
t [{¢] 20 30 40 50
Py /- (gm/em®) Py /H(gmem?®)

FiG. 3 FiG. 4

Fic. 3.—Same as Fig. 2, for T = 3.85 x 108K
FiG. 4.—Same as Fig. 2, for T = 10° K
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TABLE 2
NEUTRINO LuMINOsITY AS A FUNCTION OF DENSITY pg/p.

(Te = 10, H = H,)

Pelire L(H)* L(H)Y L0}
144........ 3.96 x 1012 413 x 102 1.31 x 10%°
276. ... 413 x 102 444 x 102 1.67 x 108
4.66. . ...... 48 x 102 493 x 102 1.85 x 103
129......... 7.6 x 1012 9.5 x 102 1.77 x 10

237, .. 6.82 x 1012 1.09 x 10** 1.5 x 10%°
36.5 2.16 x 1012 1.09 x 10'*  1.24 x 10°
467, . ..., 1.46 x 102 1.1 x 108 1.08 x 10

* L,(H): with plasma and magnetic field (present work), for the
extraordinary mode X propagating along the magnetic field.

t L(H): with magnetic field, no plasma (Canuto et al. 1974).
¥ L,(0): with plasma, no magnetic field (Beaudet et al. 1967).

985

At relatively low densities our results are almost the same as those of Canuto et al. (1974). This is to be
expected because the reduction of the neutrino rate at low densities (pe/u. < 20) is due to the magnetic field rather
than to plasma effects. However, at high densities (ps/u. 2 20) the neutrino rate is significantly reduced because a
greater part of the energy of the electrons (resulting from a Landau transition) is converted into plasmon excitations
instead of being carried off by the neutrinos. Thus the presence of a magnetized electron plasma tends to reduce
the photoneutrino luminosity, and the effects are more pronounced at both the high-density end (due to plasmon
excitation) and at the low-density end (due to the magnetic field).

In the presence of a strong magnetic field the most important other neutrino reactions which depend on the
direct coupling of the leptonic weak currents /,/,' are the neutrino-pair annihilation, plasmon neutrinos, and the
synchrotron neutrino processes. The effects of a strong magnetic field on all these neutrino reactions have been

L{erg/cm>sec)

i 1

| 1 H il T T T
T=3.85x10%°K
H=Hq

TRANSVERSE PLASMON

G’O,Xmode

SYNCHROTRON

10
10°% 107

1 1 1 1 1
103 102 10" 16° 10" 0% 10®
ps//_l.(gm/cm3)
Fi6. §

104 10°

NEUTRINO SYNCHROTRON.

PHOTO
Vi 0

L (erg/cm3sec)
G

107

10 TRANSVERSE |
PLASMON
10" 8+0,0 mode
0%+ —
108+ -
107+ —
o® 1 I L ! I 1 | 1 1
10 1072507 10° 100 10?2 103 10* 10 10®
Ps /M- (gm/em®)
FIG. 6

F1G. 5.—Neutrino luminosity L (ergs cm~2 s~ 1) for: pair, photoneutrino, plasma neutrino, and synchrotron process as a function
of density ps/p. (gcm=2) for T = 3.85 x 108K and H = H, = 4.41 x 10*® gauss. The curve marked photo is due to Canuto
et al. (1974) who neglected the plasma effects. In a magnetoactive electron plasma the photoneutrino luminosity is greatly reduced
at high densities because of plasmon excitations, as indicated by the curve marked photo with plasma.

F1G. 6.—Same as Fig. 5, for T = 10° K

© American Astronomical Society « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1979ApJ...227..974C&amp;db_key=AST

J. T D277, _974TH

]

DA

rt

986 CHOU, FASSIO-CANUTO, AND CANUTO

summarized by Canuto et al. (1974) except the present work. Thus, it is of some interest to compare the present
result with the other competing reactions just mentioned.

Examples of the results are illustrated in Figs. 5 and 6 which give the neutrino rate (in ergs cm~23s~1) as a
functions of density pg/u. (in g cm~3) for all the four main reactions at temperatures Tg = 3.85, 10 and field
strength H = H, = 4.41 x 10* gauss. In general, the photoneutrino and the pair annihilation processes dominate
at low densities (ps/u. < 1) whereas the synchrotron process competes with the plasmon process at high densities
(1 < pg/pe < 10%). This is because the neutrino luminosities for both of the latter two processes are sharply peaked
functions of density, and the peaks occur at roughly the same density regime for both temperatures.

The effects of the magnetic field on the plasmon neutrino rate are negligible at high temperatures and densities
(To < 10, pg/u. 2 100) even at the field strength H,. However, at relatively low temperatures (Tg < 10) the effects
of the field are large. The peak of the extraordinary mode X is shifted toward higher densities relative to the field-
free case whereas the neutrino rate for the ordinary mode is greatly suppressed (Canuto, Chiuderi, and Chou 1970).
On the other hand, the presence of the magnetic field tends to enhance the pair annihilation rate in the density
regime pg/p, < 1 for temperatures up to Tg < 3.85 beyond which it is significantly reduced for any density (Canuto
and Fassio-Canuto 1973a). Thus, the total neutrino luminosity due to the four main reactions is even more sharply
peaked than the field-free case because of the competition of the synchrotron process with the plasmon process
at high densities and the reduction of the photoneutrino rate at both high and low densities due respectively to the
presence of the plasma and the magnetic field.

Finally, we think that the following remarks are in order. Without plasma effects, the photoneutrino process
was the only one that survived at high densities, thus giving the erroneous impression that a significant cooling
could be achieved even when all the other processes had already disappeared. This is not true any longer in the
light of the present results.

The presence of plasma has the clear effect of decreasing the luminosity by several orders of magnitude as the
density ;ncreases, with the net result that no neutrino cooling is to be expected at densities higher than, say,
pe ~ 10% (Fig. 5).

Admittedly, we have extrapolated outside the region of strict validity of the present nonrelativistic computation,
However, the main result of producing a sizable lowering of the luminosity is a physical effect that must persist
even if a relativistic computation will ever be doable. Even though, as we explained earlier, the reduction is not
unexpected, its exact magnitude could hardly have been guessed without performing the present computation.

One of us (C. K. C.) wishes to thank for the interest and financial support of the National Council of Science
of the Republic of China that made this research possible.
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